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Transposons are ubiquitous genetic elements that
drive genome rearrangements, evolution, and the
spread of infectious disease and drug-resistance.
Many transposons, such as Mu, Tn7, and IS21,
require regulatory AAA+ ATPases for function. We
use X-ray crystallography and cryo-electron micro-
scopy to show that the ATPase subunit of IS21,
IstB, assembles into a clamshell-shaped decamer
that sandwiches DNA between two helical pentam-
ers of ATP-associated AAA+ domains, sharply
bending the duplex into a 180 U-turn. Biochemical
studies corroborate key features of the structure
and further show that the IS21 transposase, IstA, rec-
ognizes the IstBdDNA complex and promotes its
disassembly by stimulating ATP hydrolysis. Collec-
tively, these studies reveal a distinct manner of
higher-order assembly and client engagement by a
AAA+ ATPase and suggest a mechanistic model
where IstB binding and subsequent DNA bending
primes a selected insertion site for efficient
transposition.
INTRODUCTION
Transposable elements are ubiquitous, mobile DNAs that rely on
dynamic nucleoprotein complexes, termed transposomes, to
mediate transposition reactions (Craig et al., 2002). Transpo-
sases are among the most prevalent genes in nature, and their
DNA reshuffling activity can modify gene expression, promote
organismal evolution, and spread antibiotic resistance and viru-
lence factors (Arakawa et al., 1995; Aziz et al., 2010; Chain et al.,
2004; Kazazian, 2004; Peters and Craig, 2001; Speek, 2001;
Wolff et al., 2010). In humans, where they represent 45%
percent of the genome, transposable elements have been asso-
ciated with neural development, as well as with multiple dis-
eases, including hemophilia, schizophrenia, ataxia telangiecta-
sia, and cancer (Ade et al., 2013; Baillie et al., 2011; Bundo
et al., 2014; Burns and Boeke, 2012; Coufal et al., 2009, 2011;
Lander et al., 2001; Tubio et al., 2014). Moreover, numerous
DNA transposases share remarkable structural and functional
similarities with retroviral integrases such as the HIV-1 integrase860 Cell 162, 860–871, August 13, 2015 ª2015 Elsevier Inc.(Cherepanov et al., 2011; Montan˜o and Rice, 2011), while others
have shown a significant potential for use in genetic engineering
and gene therapy applications (Ivics et al., 2009).
How transposable elements are regulated has been a long-
standing question. Frequently, DNA transposition is tightly
controlled both spatially and temporally to prevent chromosome
breaks and lethal genome rearrangements. Transposase control
often relies on host proteins to aid in complex formation and
regulation; for instance, the Tn10 and Mu transposases both
require a DNA bending protein (integration host factor [IHF]) to
form functional synaptic complexes (Sakai et al., 1995; Surette
and Chaconas, 1989). In addition, a variety of mobile elements
rely on nucleotide cofactors to regulate transposase activity or
to choose appropriate target DNAs. For example, GTP is known
to stimulate assembly of theDrosophila P element synaptic com-
plex by binding to a nucleotide-dependent regulatory domain
appended in cis to a catalytic transposase fold (Kaufman and
Rio, 1992; Tang et al., 2005). By comparison, the Mu and Tn7
transposable elements employ dedicated, ATP-dependent mo-
lecular matchmaker subunits, which play a key role in selecting
suitable insertion sites and in preventing self-insertion, a process
whereby a transposase hops back into its own sequence (Ga-
mas and Craig, 1992; Miller et al., 1984; Mizuuchi, 1992; Peters
and Craig, 2001).
Many DNA transposases and retroviral integrases belong to
the large DDE superfamily of polynucleotide transferases. The
smallest and most numerous types of DDE transposons only
code for proteins involved in the transposition activity, and in
bacteria they are known as Insertion Sequences (ISs) (Chain
et al., 2004; Parkhill et al., 2001, 2003; Siguier et al., 2014). Of
all insertion sequences, the IS21 family is one of the most wide-
spread, distributed broadly throughout bacterial and even
archaeal kingdoms (Figure S1). IS21 has been identified in clin-
ical isolates of pathogenic Escherichia coli and Shigella sonnei
strains and has also been found to flank a pathogenicity
island in Yersinia pestis and Yersinia pseudotuberculosis (Allue´-
Guardia et al., 2013; Buchrieser et al., 1998; Burland et al.,
1998; Filippov et al., 1995; Hu et al., 1998; Perry et al., 1998; Pod-
ladchikova et al., 1994). IS21 has been found to catalyze trans-
position reactions that can result in different insertion products,
and it can generate deletions through intramolecular transposi-
tion (Figure 1A).
The 2 kb IS21 sequence consists of a single operon with
two terminal inverted repeats of variable length (11–50 bp)
that bracket two open reading frames (IstA and IstB) (Figure 1B)
Figure 1. IS21 Organization and Function
and IstBAAA+ Structure
(A) DNA transposition events mediated by IS21.
(B) IS21 genetic organization. TIR, terminal in-
verted repeats.
(C) IstB domain organization.
(D) Crystal structure of IstBAAA+ bound to
ADPdBeF3. The Initator/loader SpecificMotif (ISM)
is shown in red.
(E) Superposition of IstBAAA+ and the AAA+
domain of DnaC (PDB ID 3ECC).
(F) Close-up view of the IstBAAA+ active site.
Chains from two protomers are shown in gray and
blue. Residues selected for mutational studies are
highlighted. The color code is maintained
throughout the text. WA,Walker-A; WB,Walker-B;
RF, arginine finger; SII, sensor II.
(G) IstBAAA+ forms a right-handed filament (blue
and gray), similar to that of DnaCAAA+ (orange and
gray; PDB ID 3ECC) and full-length MuB (green
and gray; EMDB-2395).
See also Figure S1, S2, and Table S1.(Berger and Haas, 2001; Reimmann et al., 1989; Xu et al.,
1993). The IstA transposase bears the catalytic DDE motif char-
acteristic of retroviral integrases and numerous bacterial and
eukaryotic transposases. By contrast, IstB is homologous to
proteins of the AAA+ (ATPases associated with various cellular
activities) superfamily of nucleotide hydrolases (Koonin, 1992),
a group that includes not only the MuB and TnsC helper pro-
teins of the Mu and Tn7 transponsable elements, but also
DnaC/DnaI bacterial helicase loaders and DnaA replication ini-
tiators (Figures 1C and S1C). As with MuB and TnsC (Baker
et al., 1991; Craigie et al., 1985; Maxwell et al., 1987), IstB ac-
tivity is crucial for the capture of target DNA segments and ac-
curate donor insertion by its cognate transposase (Reimmann
and Haas, 1990; Schmid et al., 1998, 1999). How these factors
utilize nucleotide binding and hydrolysis to interface with target
DNA segments and regulate transposase activity remains
poorly understood, however.Cell 162, 860–871To better understand the means by
which nucleotide-dependent helper pro-
teins modulate transposition reactions,
we used a combination of structural and
biochemical methods to define the
higher-order, ATP-dependent organiza-
tion of IstB, and how this protein interacts
with both DNA and IstA. The structure
demonstrates that IstB AAA+ ATPase
domain self-associates into a helical
assembly, which the full-length protein
co-opts to form an unprecedented clam-
shell-shaped decamer that binds and
bends >50 bp of duplex DNA. Biochem-
ical analyses support the functional
relevance of the observed structural
states and further show that IstA specif-
ically recognizes and disassembles the
IstB supercomplex. Together with com-parative studies of distantly related ATPases, our findings high-
light a remarkable plasticity in the ability of AAA+ proteins to
bind and remodel client nucleic acid substrates and help explain
how a transpose helper protein can use these interactions to aid
DNA transposition.
RESULTS
The IstB AAA+ Domain Is a Close Structural Paralog of
Bacterial Helicase Loaders that Can Form Right-Handed
Helical Oligomers
IstB consists of a small N-terminal domain of unknown function
and aC-terminal AAA+ domain (Figures 1C and S2A). To begin to
dissect IstB structure and mechanism, we purified and crystal-
lized the isolated ATPase domain (residues 63-251, termed
IstBAAA+) of the Geobacillus stearothermophilus IS21 family
member, IS5376, with the non-hydrolyzable ATP-analog,, August 13, 2015 ª2015 Elsevier Inc. 861
ADP$BeF3. Single-wavelength anomalous dispersion (SAD)
phasing from selenomethionine-labeled protein was used to
determine the structure; during model building, clear electron
density was evident for bound nucleotide (Figure S2B). The final
IstBAAA+ model was refined to a resolution of 2.1 A˚, with an Rwork
and Rfree of 18.2%/20.3% (Table S1).
IstBAAA+ adopts a typical AAA+ ATPase fold, in which five par-
allel b strands are sandwiched on both sides by a helices (Fig-
ure 1D). Examination of the structure reveals that IstB possesses
one of the characteristic signatures of the DNA replication initi-
ator and helicase loader group of AAA+ proteins, namely the
presence of an extra a-helix in its ATPase fold, designated the
initator/loader specific motif (ISM) (Figure 1D) (Dueber et al.,
2007; Iyer et al., 2004). The existence of this helix defines IstB
as a member of the initiator clade of AAA+ proteins, which in-
cludes the bacterial helicase loader DnaC/DnaI, and the bacte-
rial DnaA and archaeal/eukaryotic Cdc6/Orc1 replication initiator
proteins (Iyer et al., 2004). Despite relatively limited sequence
identity (15%–22%), computational searches of the PDB (using
DALI; Holm and Sander, 1995) show that the AAA+ domain of
IstB is most closely related to that of DnaC/I, followed by DnaA
(Figure 1E).
Phylogenetic studies had indicated previously that IstB was
likely to possess AAA+ family ATPase motifs involved in nucleo-
tide binding and hydrolysis (Koonin, 1992). The structure reveals
that the active site indeed assumes a canonical AAA+ configura-
tion (Figure 1F). The Walker-A residues of IstBAAA+ form a phos-
phate-binding loop (P loop) in which Lys111 directly contacts the
b-phosphate of ADP, while the Walker-B amino acids Asp166
and Glu167 interact with the water coordination shell of an asso-
ciated Mg2+ ion. The ‘‘Sensor II’’ arginine (Arg237) of the protein
lies within the most C-terminal a-helix, which forms a truncated
variant of the ‘‘lid’’ subdomain found in a majority of AAA+ pro-
teins (Figure S2C).
AAA+ proteins frequently assemble into large ring-shaped or
helical homo-oligomers (Erzberger and Berger, 2006). Inspection
of intermolecular contacts seen in the crystal structure reveals
that IstBAAA+ protomers self-associate around a crystallographic
61 axis, creating a right-handed filament reminiscent of those
adopted by the ATPase domains of DnaC and the MuB transpo-
sase regulator (Figure 1G) (Mizuno et al., 2013; Mott et al., 2008).
Formation of this spiral allows a conserved arginine from one
promoter (Arg221) to interact with the active site of a neighboring
AAA+ domain (Figure 1F), implicating this residue as a candidate
‘‘arginine finger’’ motif that typically participates in both ATP hy-
drolysis and inter-subunit communication. Interestingly, analysis
of the electrostatic potential of the helical IstBAAA+ assembly
shows that numerous residues, located mainly in the ISM region,
create a highly positively charged surface on one side of the
ATPase domain oligomer (Figure S2D).
Full-Length IstB Forms Discrete Oligomers
The observation that the IstB AAA+ region could adopt a struc-
tural state mirroring that of bacterial initiator/helicase loading
proteins and ATP-bound MuB was intriguing. However, in
some instances the crystallization of protein fragments can result
in the formation of oligomeric states that only partially capture
the quaternary arrangement of full-length subunits. For instance,862 Cell 162, 860–871, August 13, 2015 ª2015 Elsevier Inc.although the ATPase domain of DnaC can crystallize as a contin-
uous 61 helix on its own (Mott et al., 2008), it is restricted to form-
ing a six-subunit helix in the presence of its target helicase, DnaB
(Arias-Palomo et al., 2013).
To test whether an IstBAAA+ filament was captured because its
N-terminal domain was removed for crystallization, we used
analytical size-exclusion chromatography to study the nucleo-
tide-dependent oligomerization of the IstB ATPase domain,
full-length IstB, and several IstB active-site mutants. The
IstBAAA+ protein elutes as amonomeric species, both in the pres-
ence of ADP and ATP, establishing that the domain on its own is
unable to oligomerize efficiently under conditions more dilute
than those used during crystallization (Figure 2A). By compari-
son, full-length IstB formed an apparent dimer in the presence
of ADP, suggesting that its N-terminal domain might support
protomer-protomer interactions (Figure 2B). Interestingly, when
mixed with ATP, full-length IstB further shifted to a much larger
size, eluting as a well-defined high-molecular weight peak with
an apparent mass of 350 kDa (Figure 2B). To test whether
this higher-order assembly depended on the AAA+ domain of
IstB, we analyzed a number ofmutants predicted to have defects
in ATP binding and hydrolysis (e.g., Walker-A [K111A], Walker-B
[E167Q], arginine finger [R221A], and sensor-II [R237A]).
Following purification, each of the proteins formed dimers in
the presence of ADP as per wild-type IstB (not shown). By
contrast, none the mutants were able to shift to a higher molec-
ular-weight species in the presence of ATP, with the exception of
the Walker-B mutant, which formed a mix of higher and lower
(150 kDa) molecular mass complexes (Figure 2C). Overall,
these results indicate that full-length IstB does not form contin-
uous filaments as has been seen for MuB, and that both ATP
and an intact active site are required for IstB to self-assemble
into a discrete macromolecular complex.
IstB Is a DNA Binding Protein
Although the exact function of IstB has been enigmatic, its rela-
tionship to known DNA binding proteins such as DnaA, DnaC,
MuB, and TnsC suggested that it might associate with nucleic-
acid substrates. To test this idea and analyze the role that nucle-
otide coordination and self-oligomerization might have on this
activity, we used fluorescence anisotropy to assess the ability
of IstB, IstBAAA+ and our panel of IstB active-site mutants to
engage DNA substrates. We first examined DNA binding using
two 60 bp duplexes, one containing a random sequence and
another having the characteristic repeat sequence that flanks
the transposon (the size of the DNA was chosen after screening
different lengths of oligonucleotides for optimal affinity and bind-
ing behavior). As expected based on the behavior of MuB and
TnsC, IstB did not show any significant sequence specificity
(not shown); nevertheless, we continued using the transposon-
related DNA for all subsequent analyses.
Treatment with nucleotide was found to stimulate duplex DNA
binding by both IstBAAA+ and the full-length protein (Figure 2D).
However, the apparent Kd of the full-length protein for DNA in
the presence of ATP was 30-fold higher compared to that of
the AAA+ domain alone (Kd,app = 40 nM versus 1.5 mM, Table
S2). Interestingly, the binding curves manifest by full-length
IstB also displayed evidence of positive cooperativity, whereas
Figure 2. IstB Oligomerization and DNA Binding Activity
(A) Analytical gel filtration chromatogram of IstBAAA+ shows that the isolated domain elutes as a monomer in the presence of 1 mM ATP or ADP.
(B) Analytical gel filtration chromatography shows that full-length IstB protein is as a dimer in the presence of ADP. IstB elutes as a high-order oligomer (350 kDa)
in the presence of 1 mM ATP.
(C) Examination of the active site mutants by analytical gel filtration reveals that most mutations in the ATPase binding site block full-length IstB oligomeriztion.
The Walker-B mutant (E167Q) shows limited support for the formation of higher molecular weight assemblies.
(D) Nucleotide effects on dsDNA binding by IstBAAA+ and full-length IstB as determined by fluorescence anisotropy. Experiments were performed in triplicate in
the presence of 2 mM nucleotide. Error bars represent the SD between measurements.
(E) Active site mutations disrupt dsDNA binding by IstBAAA+. Experiments were performed in the presence of 2 mM ATP.
(F) ATPase site mutations have a less severe effect on dsDNA binding by full-length IstB. Experiments were performed in the presence of 2 mM ATP.
See also Table S2.the curves seen for the AAA+ region did not (Hill coefficient 2.5
versus 0.85); this result, coupled with the relatively smaller de-
pendency of the full-length protein for ATP for binding, indicates
that the N-terminal domain contributes directly to interactions
between IstB and DNA (Figure 2D). Consistent with this idea,
ATPase active-site mutations that significantly compromised
DNA binding in the context of the isolated AAA+ domain had a
much less pronounced effect when introduced into the full-
length protein (Figures 2E and 2F).
IstB Homo-Oligomerizes into a Pentamer of Dimers
to Remodel dsDNA
Intrigued by the ability of IstB to both bind DNA and form a
discrete higher-order oligomer, we turned to single-particle
cryo-electron microscopy (cryo-EM) to determine the architec-
ture of the ATP-bound IstB complex with and without a client
dsDNA substrate. To ensure complete assembly, we first dia-
lyzed full-length IstB into a buffer containing ATP and subse-
quently ran the sample over an analytical S200 pre-equilibrated
in dialysis buffer. Fractions containing the high-molecular weight
IstB oligomer were then collected, diluted into a low salt buffer,
and incubated with or without a dsDNA 60-mer prior to EM
analysis.The cryo-EM structure of the 290 kDa ATP-IstB complex
bound to DNA was determined to subnanometer resolution
(9 A˚), using an initial model derived from a random conical tilt
reconstruction generated from a negatively stained sample
(Experimental Procedures). The consistency of the structure is
supported by the agreement between reference-free 2D class
averages and forward reprojections of the cryo-EM model (Fig-
ure S3). In contrast to other known AAA+ systems, IstB neither
assembled into a closed/cracked ring nor an elongated filament,
but rather formed a distinctive crescent-shaped particle
composed of two C-shaped structures connected by five pro-
truding ‘‘spikes’’ of globular density (Figure 3A). Close inspection
of the model reveals that the IstB oligomer is formed by five
repeating elements (Figure 3B), each consisting of two large
lobes that connect to one another by two small rods which
emanate from a single, small globular domain (Figure 3B). A
semicircular channel traverses the interior of the IstB oligomer,
within which continuous, rod-like density is evident.
To determine which regions of the DNA-bound ATP-IstB com-
plex correspond to specific domains of the protein and the nu-
cleic acid, we fit available crystal structures into the cryo-EM
reconstruction. To date, there is no atomic information of the
7 kDa IstB N-terminal domain, although PSIPRED predicts itCell 162, 860–871, August 13, 2015 ª2015 Elsevier Inc. 863
Figure 3. Cryo-EM Reconstruction of Full-Length IstB Bound to
dsDNA in the Presence of ATP
(A) The IstBdATPddsDNA complex comprises two C-shaped densities, con-
nected by five globular domains that sequester a rod-shaped region of density.
(B) The IstBdATPddsDNA complex can be divided into five similarly-shaped
elements that wrap around the rod-shaped region. Each element is formed by
two large lobes that connect through short stalks to a central globular domain.
See also Figure S3.to be a-helical. We therefore attempted to localize the AAA+ fold
using our IstBAAA+ crystal structure. Notably, five copies of the
ATPase domain, assembled in the same general helical confor-
mation as found in the crystal structure, could be unambiguously
fitted into each C-shaped region of density (Figures 4A and 4B).
Only a slight (< 7) rotation of each protomer was necessary to
optimize the fit, suggesting that the oligomerization state seen
crystallographically closely approximates that used by the full-
length assembly.
The global fitting of two pentamers of AAA+ ATPase domains,
together with the close agreement between the crystal structure
and the secondary structure elements resolved in the EM den-
sity, provide strong validation for the cryo-EM reconstruction
(Figure 4C). Given the location of the ATPase elements, the small
lobes that protrude from the complex likely correspond to the
N-terminal domain of IstB (Figures 4D and 4E). Each of the five
lobes are connected to the AAA+ domains through two short
rods of density of the correct dimensions expected for a helices;
together with the 2-fold symmetric organization seen in the
model, this arrangement indicates that one role of the N-terminal
region is to dimerize IstB protomers. This observation is in agree-
ment with the gel-filtration data showing that full-length IstB
forms dimers in the presence of ADP, and that the N-terminal re-
gion is required for this dimerization (Figures 2A and 2B).
With the domains of IstB assigned, the only part of the recon-
struction left unmodeled was the rod-like density located within864 Cell 162, 860–871, August 13, 2015 ª2015 Elsevier Inc.the central channel. Notably, this region exhibits clear helical fea-
tures, with alternating sets of wide and narrow grooves that iden-
tify it as duplex DNA (Figure 4F), and to fit within the central
groove of the IstB decamer, the DNA must assume a highly
bent 180 U-turn structure (Figures 4G and S4A). To validate
the placement of DNA, we determined a cryo-EM reconstruction
of ATP-IstB in the absence of the duplex substrate; the differ-
ence map between the two structures confirms our assignment
(Figure 4H). Interestingly, in the context of the decameric
complex, the highly positively charged surface of the AAA+ pen-
tamers is oriented toward the internal channel, forming a portion
of the nucleic acid binding area (Figure S4B). Moreover, inspec-
tion of the protein-DNA interface revealed that, in agreement
with the fluorescence anisotropy data, some residues in the
N-terminal region appear capable of participating in DNAbinding
(Figure S4C).
Overall, the cryo-EM reconstruction establishes that, in
response to ATP binding, IstB assembles into a pentamer of di-
mers that engages and markedly reshapes target DNAs. This
architectural arrangement is quite distinct compared to other
known AAA+ ATPase systems characterized at this time and
was surprising given the close relationship of IstB to proteins
such as DnaA and MuB, which form helical filaments. Inspection
of the structure reveals why subunit assembly is limited to five
IstB dimers: the inverted arrangement of two AAA+ domain pen-
tamers, whose DNA binding surfaces face one another due to
the molecular 2-fold axes of their associated N-terminal do-
mains, sterically prevents the binding of a sixth ATPase subunit
to the complex (Figure S4D). Thus, the N-terminal region is not
only responsible for dimerizing IstB protomers, but also for pre-
venting the formation of contiguous IstB oligomers.
IstB Introduces Positive Supercoils in a Nucleotide-
Dependent Manner
Multiple biochemical studies have indicated that the supercoiling
state of nucleic acid substrates can have important effects on
the action of different transposition systems, including both
IS21 and bacteriophage Mu (Harshey and Jayaram, 2006; Reim-
mann and Haas, 1990). Given extensive DNA deformation im-
parted by IstB in the cryo-EM reconstruction, we set out to inves-
tigate whether the protein might also alter DNA superstructure in
solution. Using a topology-footprint assay and native agarose-
gel electrophoresis (Experimental Procedures), we found that
IstB introduces DNA supercoiling in a dose-dependent manner
and that ATP stimulates this activity (Figures 5A and S5).
To determine whether IstB introduces positive or negative
supercoils into DNA, we analyzed the reaction products by
two-dimensional gel electrophoresis. Consistent with the right-
handed solenoidal wrap seen in the EM reconstruction, the resul-
tant topoisomer distribution revealed that wild-type IstB intro-
duces positive supercoils in the DNA (Figure 5B). Moreover,
ATPase site mutants that lead to assembly defects of the IstB
oligomer are highly compromised for supercoil stabilization,
with the arginine-finger mutation displaying the most severe
defect (Figure 5C). Of the mutants tested, the sensor II alteration
is the lone exception to this trend; however, we note that unlike
the arginine finger, which plays a key role in stabilizing trans in-
teractions between subunits, the sensor II arginine acts in cis
Figure 4. Molecular Architecture of the IstBdATPddsDNA Complex
(A) Docking of five IstBAAA+ domains into one of the C-shaped densities.
(B) Two pentamers of ATP-associated IstBAAA+ domains (A-E and A’-E’) can be fitted in the IstBdATPddsDNA complex, indicating that full-length IstB assembles
into a pentamer of dimers.
(C) Close-up view showing that the secondary structure elements resolved in the cryo-EM reconstruction agree well with the crystal structure.
(D) Side view showing the C-shaped structures fitted with AAA+-domain pentamers.
(E) IstB N-terminal domains mediate dimerization. An IstB dimer (segmented from the complex) is composed of two AAA+ domains connected with an a-helix to
the N-terminal region.
(F) A 50 bp dsDNA molecule can be fitted into the rod-like density. Major and minor grove features can be seen in the reconstruction.
(G) Orthogonal views of the IstBdATPddsDNA complex fitted with a 50 bp DNA fitted. IstB introduces a 180 bend in the DNA.
(H)Differencemap representedat7s (orange)between the IstBcryo-EMreconstructionsdetermined in thepresenceandabsence (white transparentsurface) ofDNA.
See also Figure S4 and Movie S1.on its own active site. This configuration may impact inter-sub-
unit interactions to a lesser degree than the arginine-finger,
such that DNA binding can overcome sensor II-dependent olig-
omerization defects, allowing the IstB supercoiling signal to be
detected. Overall, these experiments support a role for ATP-
dependent self-association of IstB in creating an oligomer that
not only bends but also overtwists target DNA duplexes.ATP Is Required for IstB-IstA Interactions
Several studies have demonstrated that helper proteins like
TnsC and MuB not only interact with client DNA segments, but
that they also directly engage their partner transposases to pro-
mote efficient strand cutting and pasting (Craig et al., 2002). To
test whether IstB might interact with IstA in an analogous
manner, we performed amylose resin pull-down assays using aCell 162, 860–871, August 13, 2015 ª2015 Elsevier Inc. 865
Figure 5. IstB Stabilizes Positive DNA Supercoils in an ATP-
Dependent Manner
(A) Wild-type IstB topology footprint assay performed in the presence of 2 mM
ATP. Relaxed pSG483 (10 nM) was incubated with increasing amounts of IstB
(indicated as the ratio of protein decamers to 50 bp DNA segments). The
positions of relaxed and supercoiled DNA species are labeled with graphical
representations on the left.
(B) 2D electrophoretic analysis of IstB generated topoisomers. The topoisomer
distribution indicates that IstB introduces positive supercoils into the DNA.
(C) Mutations in the ATPase site residues negatively impact IstB-mediated
topological changes of DNA. Topology footprint experiments were performed
in the presence of 2 mM ATP.
See also Figure S5.transposase construct bearing a C-terminal MBP tag as bait and
untagged IstB as prey. Experiments were first conducted with
different nucleotides to test whether any interaction might be
dependent on the identity of the nucleotide present in the reac-
tion. Analysis of the pull-downs by SDS-PAGE revealed that
when incubated with ADP, IstB did not associate with IstA-
MBP (Figure 6A). By contrast, IstB and IstA displayed a clear
interaction when ATPwas present, with the robustness of the as-
sociation increasing when the slowly hydrolyzable nucleotide
analog, ATPgS, was added.
Having established that IstA binds to IstB in an ATP-depen-
dent manner, we next sought to determine if this interaction
required the formation of higher-order IstB oligomers. Using
the isolated IstB AAA+ domain, we found no evidence of binding866 Cell 162, 860–871, August 13, 2015 ª2015 Elsevier Inc.to IstA-MBP even in the presence of ATP, indicating that the
ATPase region alone is insufficient for stable transposase
engagement (Figures 6A and 6B). Next, we assessed our panel
of ATPase-site mutants in the context of full-length IstB. Neither
the Walker A (K111A), arginine finger (R221A), nor sensor II
(R237A) mutants showed an ability to interact with IstA; however,
the Walker B (E167Q) mutant showed a strong interaction with
the transposase when ATP was present, similar to that seen
for the wild-type protein in the presence of non-hydrolysable
nucleotide. These results demonstrate that IstA directly engages
IstB in an ATP-dependent manner, likely by recognizing the
nucleotide-assembled form of the regulator.
IstA Stimulates IstB ATPase Activity and Triggers
Decamer Disassembly
Previous reports have established that the direct interaction of
either TnsC or MuB with their cognate transposases stimulates
the ATPase activity of the helper proteins. This stimulation, which
is essential for strand transfer and target immunity, triggers DNA
release and—in the case of MuB—filament dissociation (Craig
et al., 2002). To analyze IstB ATPase activity and determine
what effects IstA and DNA might have on nucleotide hydrolysis,
we incubated full-length IstB with [g-32P]ATP and unlabeled ATP
and examined phosphate release using thin layer chromatog-
raphy. IstB alone, as well as the panel of active-site mutants,
showed relatively little ATPase activity overall either in the pres-
ence or absence of DNA (Figures 6C andS6). However, the inclu-
sion of IstA appreciably enhanced nucleotide turnover. Interest-
ingly, the combined presence of DNA and the transposase also
resulted in increased Pi release, although to a lesser extent than
with IstA alone. All catalytic mutants of IstB were relatively resis-
tant to stimulation by IstA, indicating that the observed hydroly-
sis activity came from the IS21 helper protein, and not from a po-
tential contaminating ATPase.
Given that IstB oligomerizes when bound to ATP, and that IstA
stimulates ATP turnover by IstB, we reasoned that transposase
binding might trigger the dissociation of IstB assemblies. To
test this idea, we first incubated IstB with ATP, with or without
IstA and then used an analytical gel filtration column, equilibrated
in a buffer without nucleotide, to analyze complex formation.
When IstB was mixed with ATP, the protein eluted as a single
peak consistent with the formation of a decamer species (Fig-
ure 6D). However, when the transposase was added to the reac-
tion, the peak shifted significantly, overlaying with dimeric, ADP-
bound IstB. Overall, these findings demonstrate that the IstA
transposase stimulates IstB ATPase activity both in the presence
and absence of DNA and that this stimulation triggers decamer
dissociation.
DISCUSSION
Since their discovery more than half a century ago (McClintock,
1950), it has become clear that transposable elements and their
mechanisms of action are both diverse and highly regulated
(Curcio and Derbyshire, 2003). However, while significant strides
have been made in understanding the molecular and physical
bases of individual DNA transposition reactions (Dyda et al.,
2012), the means by which many classes of transposases are
Figure 6. IstA Interacts with Oligomerized
IstB, Stimulates its ATPase Activity, and
Promotes Decamer Dissociation
(A) Co-precipitation of IstB by IstA fused to
maltose binding protein (MBP). WT IstB (left) was
examined in the presence of different nucleotides.
AAA+ domain and ATPase active site mutants
(right) were assessed in the presence of 1 mM
ATP.
(B) Quantification of gels shown in (A) shows that
IstA preferentially interacts directly with ATP-oli-
gomerized IstB species. Error bars represent the
SD between three independent experiments.
(C) IstB ATPase activity in the presence of absence
of IstA and/or dsDNA. Radiolabeled experiments
were performed in triplicate in the presence of
1 mM ATP. Error bars represent the SD between
measurements. A representative TLC plate image
can be found in Figure S6.
(D) IstA promotes IstB decamer disassembly as
analyzed by size exclusion chromatography.
See also Figure S6.directed toward appropriate target sites and activated to cata-
lyze transposition have remained more enigmatic. Insight into
this level of control is important, as transposable elements not
only constitute a significant proportion of many genomes, but
they also serve as major drivers of genomic alterations and the
spread of infectious disease (Bie´mont, 2010; Chain et al.,
2004; Kazazian, 2004; Parkhill et al., 2001). In the present study,
we used the widespread IS21 element as amodel system to bet-
ter understand how dedicated, accessory NTPase factors—
AAA+ ATPases in particular—can participate in the control of
transposase target site selection.
IstB Utilizes a Distinctive Arrangement of ATPase
Domain/Substrate Interactions in Binding Compared to
Other AAA+ Proteins
Our investigations into IS21 began with the determination of the
crystal structure of the ATPase domain of the transposase chap-
erone, IstB, bound to a non-hydrolyzable analog (Figure 1D). In
accord with previous sequence predictions (Koonin, 1992;
Mott et al., 2008), the structure demonstrates that IstB is a
AAA+ ATPase, one that likely emerged from a common ancestor
shared by DnaC/DnaI replicative helicase loading proteins and
DnaA-family replication initiators (Figure S1C). Using the
IstBAAA+ structure as a guide, mutagenesis-guided biochemical
and biophysical experiments show that conserved ATP-coordi-
nating residues of IstB are important for oligomerization, DNA
binding/remodeling, and interactions with the IstA transposase
(Figures 2, 4, 5, and 6). Inspection of inter-subunit contacts
shows that—aswith DnaC, DnaA and the ATP-dependent phageCell 162, 860–871Mu transposase protein, MuB—the AAA+
domains of IstB possess an ability to self-
assembly into right-handed helical oligo-
mers upon ATP binding (Duderstadt
et al., 2011; Erzberger et al., 2006; Miz-
uno et al., 2013; Mott et al., 2008). Strik-
ingly, however, full-length IstB does notpolymerize into elongated filaments, but rather uses two pen-
tameric half-spirals to form a decameric, clamshell-shaped
structure (Figures 3 and 4). This organization is unique among
AAA+ ATPases that have been characterized to date.
Numerous oligomeric AAA+ enzymes form rings or spirals that
accommodate client factors such as DNAwithin a central pore to
promote the detection, translocation, or remodeling of the asso-
ciated substrate (Duderstadt et al., 2011; Enemark and Joshua-
Tor, 2006; Kelch et al., 2011). Interestingly, despite using a
common ATP-binding fold and relative positions of secondary
structural elements to bind substrate, different AAA+ systems
show a remarkable degree of plasticity in how they engage
and reshape nucleic-acid segments (Figure 7A). Surprisingly,
we find that IstB does not bind the DNA duplex through the cen-
tral pore of the AAA+ filament: instead, although the protein inter-
acts with nucleic acid segments using its structurally conserved
ISM signature motif, it does so with a different surface as
compared to proteins that also possess such an element, such
as DnaA or archaeal Orc1 (Figure S7). Together with its distinc-
tive assembly mechanism, this work reveals that even closely
related AAA+ ATPases can undergo an extensive level of
higher-order structural rearrangements and divergent adapta-
tions throughout evolution and that these modifications can
lead to significant differences in overall mechanism.
A Proposed Role for IstB in IstA-Mediated Transposition
ATP-dependent transposase co-chaperones such as IstB, MuB,
and TnsC use nucleotide binding and hydrolysis to promote
appropriate DNA strand cutting and pasting by their cognate, August 13, 2015 ª2015 Elsevier Inc. 867
Figure 7. DNA Recognition Strategies of
AAA+ Proteins and Proposed Role for IstB
in Mediating Transposition
(A) Structures of DNA-bound AAA+ assemblies
involved in nucleic-acid transactions reveal
different DNA binding and reshaping approaches
used by a common nucleotide-binding fold. E1
helicase – PDB ID 2GXA (Enemark and Joshua-
Tor, 2006); bacterial clamp loader complex – PDB
ID 3U60 (Simonetta et al., 2009); bacterial repli-
cation initiator DnaA – PDB ID 3R8F (Duderstadt
et al., 2011).
(B) IstB bends DNA in amanner reminiscent to that
of bacteriophage MuA (PDB ID 4FCY; Montan˜o
et al., 2012) and the PFV retroviral integrase (PDB
ID 3OS2; Maertens et al., 2010).
(C) Proposed stepwise model for how IstB may
facilitate DNA transposition by IstA.
See also Figure S7.transposases. As such, these three factors fall within the cate-
gory of molecular matchmakers, proteins that enforce the cor-
rect assembly of multisubunit complexes to regulate essential
biological processes such as DNA replication, transcription,
and repair (Sancar and Hearst, 1993). Although a wide variety
of nucleotide-coupled transposase systems have been identi-
fied and studied to date, how dedicated NTPase factors interact
with DNA and help control transposase activity has not been well
understood. For example, in Tn7, the TnsC ATPase is critical
both for transposome assembly and modulating transposition
(Gamas and Craig, 1992; Stellwagen and Craig, 1997), but how
this element physically coordinates such tasks is not known.
Similarly, while the MuB ATPase can form filaments on duplex
DNA (Greene and Mizuuchi, 2002a, 2002b; Mizuno et al.,
2013), how this protein engages a substrate duplex and inter-
faces with MuA to promote or repress transposition has yet to
be defined.
The structure/function studies of IstB presented here provide
new insights into the role of ATP-dependent transposase helper
proteins and into the action of AAA+-type co-chaperones for
IS21 elements in particular. We find that full-length IstB forms di-
mers, and that in the presence of ATP, these dimers self-
assemble into a decamer that sequesters and bends 50 base
pairs of DNA into a 180 U-turn (Figure 4). Interestingly, alter-
ations in nucleic acid structure, curvature, and supercoiling are
known to be critical for many transposition and retroviral sys-
tems (Craigie and Mizuuchi, 1986; Davies et al., 2000; Hallet
et al., 1994; Harshey and Jayaram, 2006; Hickman et al., 2014;868 Cell 162, 860–871, August 13, 2015 ª2015 Elsevier Inc.Kuduvalli et al., 2001; Maertens et al.,
2010; Montan˜o et al., 2012; Mu¨ller and
Varmus, 1994; Pribil and Haniford, 2003;
Pruss et al., 1994; Reimmann and Haas,
1990; Schmid et al., 1999). Although it is
unclear why IstB should bend and over-
wind DNA upon binding, effects on local
twist might help counteract the innate,
negatively-supercoiled state of target
DNA to render binding more energeticallyfavorable. Alternatively, IstB’s action may help preferentially
direct the protein to certain regions of the genome that have a
desirable local topology. DNA bending, in turn, could be used
to facilitate access of the active site of the transposase to the
scissile bonds, as well as to help control the directionality of
strand transfer, an approach that has been exploited by other
transposition systems (Davies et al., 2000; Hickman et al.,
2014; Maertens et al., 2010; Montan˜o et al., 2012). Indeed, the
DNA configuration adopted in the presence of the IstB decamer
is remarkably similar to ones seen for target DNAs bound to both
the MuA transposase and the PFV (prototype foamy virus) retro-
viral integrase (Maertens et al., 2010; Montan˜o et al., 2012) (Fig-
ure 7B). Consistent with these concepts, the absence of IstB
drastically reduces transposition efficiency of IS21 and gener-
ates atypical duplications and/or deletions in the target DNA,
indicating that IstB action is required for the correct alignment
between the donor-transposase complex and the nucleic acid
substrate (Schmid et al., 1999).
Given the duplex reshaping activities of IstB, together with the
discovery that IstA specifically recognizes ATP-assembled IstB
oligomers, we propose that IstB serves a landing pad that both
marks and prepares DNA for IstA-mediated transposition of
IS21 elements (Figure 7C). In this model, an IstB decamer would
first associate with a target DNA, which would then recruit IstA,
along with a pair of pre-cleaved inverted IS21 repeats, to
generate a synaptic complex. The inability of DNA to promote
ATP turnover by IstB would impart sufficient stability to the com-
plex to allow time for recognition by IstA. A potential problem
arising from the direct recognition of a DNA bend by IstA is that
IstB masks the target duplex; however, the capacity of IstA to
stimulate ATP hydrolysis and IstB dissociation would be ex-
pected to promote clearing of the DNA, thereby allowing the
transposase to access the target nucleic acid segment. Future
studies aimed at imaging and biochemically characterizing
higher-order IstAdIstB complexes in conjunction with DNA will
be necessary to help establish the details of these interactions
and events further.
EXPERIMENTAL PROCEDURES
Adetailed description of protocols can be found in Supplemental Experimental
Procedures.
Protein Expression and Purification
All proteins were overexpressed as N or C-terminal His6-MBP fusion proteins
in E. coli, using BL21codon-plus (DE3) RIL (Stratagene) or C41 (Lucigen) cells.
Following lysis by sonication, proteins were purified by a combination of affin-
ity chromatography, proteolysis to remove the fusion tags, and size-exclusion
chromatography. Purified samples were concentrated and flash-frozen for
subsequent studies.
Crystallization, Data Collection, Structure Solution, and Refinement
Se-Met IstBAAA+ was concentrated to 8 mg/ml and spiked with 2 mM
ADP$BeF3. IstBAAA+ crystals were grown by mixing 0.65 ml of protein solution
with 0.65 ml of well solution containing 100 mM Bis-Tris propane (pH 6.5),
300 mM ammonium sulfate, and 18.5% PEG 3350. Following harvesting and
cryo-cooling, diffraction data were collected from a single crystal on Beamline
8.3.1 at the Advanced Light Source. Data were phased by SAD, and model
building and refinement were performed with COOT and PHENIX (Adams
et al., 2010; Emsley and Cowtan, 2004).
Analysis of IstB Oligomeric State
IstB, IstBAAA+, and IstB active site mutants were dialyzed overnight at 4
C into
20 mM HEPES (pH 7.5), 300 mM NaCl, 10 mM MgCl2, 10% glycerol, 1 mM
b-mercaptoethanol, with either 1 mM ATP or ADP. Forty microliters at
1.5 mg/ml of each protein were then run over a Superdex 200 5/150 GL analyt-
ical gel filtration column (GE Healthcare) in the same buffer and monitored
by A280.
DNA Binding Assays
Binding of a 50-FAM-tagged dsDNA 60-mer oligonucleotide was monitored at
different IstB concentrations by fluorescence anisotropy using a Clariostar
(BMG Labtech) microplate reader. Data were plotted and analyzed using
PRISM.
EM and Image Analysis
IstBdATP samples, both in the presence or absence of DNA, were either
stained with 2% (w/v) uranyl acetate or frozen into liquid ethane for cryo-EM
analysis. All EM data were collected using LEGINON (Suloway et al., 2005)
and preprocessed with APPION (Lander et al., 2009). The initial random
conical tilt reconstruction was obtained using XMIPP (Scheres et al., 2008)
and refined with EMAN2 and SPARX (Hohn et al., 2007; Tang et al., 2007).
Fitting of the atomic structure of the ATPase domain and segmentation and
rendering of the cryo-EM densities was done in CHIMERA (Pettersen et al.,
2004).
DNA Supercoiling Assays
Nicked pSG483 plasmid, a derivative of pUC19, was used as a DNA substrate.
Different amounts of IstB were incubated with the DNA for 20 min at 37C.
Following ligation with T4 ligase, reactions were quenched and run for 18 hr
on 1% (w/v) TAE agarose gels. To analyze the effect that ATP and ADP might
have on supercoiling activity, the plasmid was ligated with the ATP-indepen-
dent E. coli ligase.For two-dimensional gels, purified DNA fractions were run for 18 hr at 4 C
on a 1.2% (w/v) TPE agarose gel (36 mM Tris–HCl [pH 7.9], 30 mM NaH2PO4,
1mMEDTA [pH 8.0]). The gel was thenwashed three times for 30min with TPE
buffer supplemented with 4.5 mg/ml chloroquine, rotated 90 degrees, and run
for 18 hr at 4 C in TPE buffer plus 4.5 mg/ml chloroquine.
IstB and IstA Pull-Down Experiments
Coprecipitation studies were performed by incubation of amylose beads (New
England Biolabs) with bait and prey proteins in binding buffer. Following
washing, samples were analyzed by SDS-PAGE.
ATPase Assays
Fifty microliters reactions containing different combinations of 10 mM IstB,
1 mM IstA (0–5 mM for IstA titration assay), and 10 mM dsDNA (random
60-mer) were incubated during 1 hr at 37C in a buffer containing 1 mM cold
ATP and 5 nM [g32P]ATP (1.125 mCi). Quenched reactions were analyzed using
thin-layer chromatography.
IstB Disassembly
IstB (32 mM) was incubated in the presence or absence of IstA (17 mM) in 40 ml
of reaction buffer (50 mM HEPES [pH 7.5], 300 mM NaCl, 10 mM MgCl2, 10%
glycerol, 1 mM b-mercaptoethanol), supplemented with either 1 mM ATP or
ADP, for 30 min at 37C. Samples were subsequently run in over a Superdex
200 5/150 GL analytical gel filtration column (GE Healthcare), pre-equilibrated
in reaction buffer.ACCESSION NUMBERS
The accession number for the Atomic coordinates for IstBAAA+ reported in this
paper is PDB: 5BQ5. The accession numbers for the 3D cryo-EM models for
DNA-bound and DNA-free full-length IstB reported in this paper are EMDB:
EMD-3031 and EMD-3032, respectively.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, two tables, and one movie and can be found with this article on-
line at http://dx.doi.org/10.1016/j.cell.2015.07.037.
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